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We have studied electrical conductivity, s, and magnetoresistance in a CoO-coated monodispersive
Co cluster assembly fabricated by a plasma–gas–aggregation-type cluster beam deposition
technique. The temperature dependence of s is described in the form of log s vs 1/T for 7,T
,80 K. The magnetoresistance ratio (r02r3T)/r0 increases sharply with decreasing temperature
below 25 K: from 3.5% at 25 K to 20.5% at 4.2 K. This marked increase ~by a factor of 6! is much
larger than those observed for conventional metal–insulator granular systems. These results are
ascribed to the Coulomb blockade effect in the monodispersed cluster assemblies. © 1999
American Institute of Physics. @S0003-6951~99!01901-4#Giant magnetoresistance ~GMR! has been observed in a
structure of two ferromagnetic layers separated by a thin in-
sulator ~FM/I/FM!.1 Such GMR arises from a spin-dependent
tunneling effect. Electron tunneling between two ferromag-
netic electrodes through an insulating layer depends on the
relative orientation of the magnetizations of the electrodes.
When the relative orientation of the magnetization is
changed by applying a magnetic field, tunnel-type magne-
toresistance ~TMR! is expected to occur. Although this effect
was discovered by Julliere2 in 1975 and subsequently in sev-
eral other FM/I/FM junctions,3,4 large and reproducible TMR
ratios have been found only very recently.5,6
In FM-I granular systems, where the magnetic metal
granules or clusters are embedded in an insulator matrix, the
TMR effect has also been detected7 and a marked TMR ef-
fect has been reported recently in FM-I granular systems.8
For these materials, when the metal cluster concentration is
just below the percolation threshold, the electrical conduc-
tion is dominated by tunneling between metallic clusters,
with a tunnel resistance enhanced by the Coulomb blockade
at low temperatures and also dependent on the relative ori-
entation of the magnetization in the two clusters. The tunnel
current between randomly oriented magnetic granules is
smaller than that between the magnetically aligned ones.
Since conventional granular materials have been produced
by codeposition of a metal and an oxide and subsequent
precipitation of magnetic granules on the substrate, there is
normally wide distribution of the cluster size and intercluster
distance ~namely the tunnel-barrier thickness!. In such het-
erogeneous granular systems, the temperature dependence of
the low-field conductivity is expressed in the form of
3exp(2b/Ta) with a51/2 for a wide temperature range.9,10
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Downloaded 12 Feb 2010 to 130.34.135.83. Redistribution subject toIn this study, we have measured the electrical conductiv-
ity and TMR in oxide-coated monodispersive Co cluster as-
semblies. Cobalt ~II! oxide, CoO, is an antiferromagnetic
semiconductor with a Ne´el temperature of 293 K. The room-
temperature resistivities of CoO single crystals are 108 – 1015
V cm, and the activation energies are 0.73–1.35 eV.11 This
letter discusses the transport properties, spin-dependent tun-
neling and Coulomb blockade effect in the CoO-coated Co
cluster assembly. In particular, we emphasize that the mono-
dispersed Co cluster size distribution and a nearly uniform
thickness of the CoO shells give rise to the characteristic
features in their electrical conductivity and TMR. Our
samples are fabricated with a plasma–gas–aggregation
~PGA! type cluster beam deposition apparatus.12 It is a com-
bination of sputtering and gas–aggregation techniques. The
PGA type cluster beam deposition apparatus is mainly com-
posed of three parts: a sputtering chamber, a cluster growth
room and a deposition chamber. The vaporized atoms in the
sputtering chamber are decelerated by collisions with a large
amount of Ar gas ~the Ar gas flow rate: RAr5250– 500
~sccm! injected continuously into the sputtering chamber,
and are swept into the cluster growth room, which is cooled
by liquid nitrogen. The clusters formed in this room are
ejected from a small nozzle by differential pumping and a
part of the cluster beam is intercepted by a skimmer, and
then deposited onto a sample holder in the deposition cham-
ber (1025 – 1024 Torr!. Using this system, we obtained
monodispersed transition metal clusters of 6–14 nm in
size.12 In this study, we introduced oxygen gas into the depo-
sition chamber during the depositing to form CoO shells cov-
ering the Co clusters, as schematically shown in the inset of
Fig. 1. For a constant RAr , the gas pressure in the deposition
chamber can be adjusted by changing the flow rate of oxygen
gas (RO2). The initial stage of clusters deposited on the mi-© 1999 American Institute of Physics
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electron microscope ~TEM! operating at 200 kV. Figure 1
shows a TEM image of the clusters produced at RAr5500
sccm and RO251 sccm. As shown here, the clusters are al-
most monodispersed, with the mean diameter of about 13
nm. The cluster size was found to be insensitive to the depo-
sition time and RO2 . The electron diffraction pattern clearly
indicated the coexistence of Co and CoO phases, while the
high resolution image displayed Co clusters covered with
CoO.13 The cluster assemblies were formed on a polyimide
film at room temperature with a thickness of about 100 nm,
as measured by a quartz thickness monitor. Using a conven-
tional four-probe method, the electrical resistivity was mea-
sured at a constant voltage because the ohmic law ceased to
hold at low temperatures. The MR was measured in the ap-
plied field parallel to the electrical current direction.
Figure 2~a! shows the temperature dependence of the
electrical resistivity r(T) for the sample prepared at RAr
5500 sccm and RO251 sccm. In the CoO-coated Co cluster
assembly, the temperature coefficient of resistivity ~TCR! is
negative below room temperature, and r(T) decreases dra-
matically with decreasing temperature below 10 K. As seen
from the inset of Fig. 2~a!, the resistivity at 4.2 K is four
orders of magnitude larger than that at room temperature. In
the pure Co cluster assemblies, on the other hand, TCR is
positive in the range of 20,T,300 K and becomes slightly
negative below 20 K. At 4.2 K, the resistivity of the CoO-
coated Co cluster assemblies is about ten orders of magni-
tude larger than that of the pure Co cluster assemblies. Such
a huge resistivity value and negative TCR in the cluster as-
semblies are attributable to the tunnel-type conduction be-
tween metallic Co clusters via CoO shell layers.
The low-field tunnel-type electrical conduction of granu-
lar materials was discussed by Neugebauer and Webb.14
Most simply, the conductivity is expressed as follows:
s}exp~22ks2Ec/2kBT !, ~1!
where s is the tunnel-barrier thickness between the two clus-
ters, k is the tunneling exponent of electron wave functions
in the insulator, k5@2m*(f1EF2E)/\2#1/2; m* is the ef-
FIG. 1. TEM image of the clusters ~with mean cluster diameter513 nm!
prepared on a carbon-coated microgrid at RAr5500 sccm and RO251 sccm.
The inset shows schematic drawing of the CoO-coated monodispersed Co
cluster assembly, showing Co cores ~dark shaded! and surrounding CoO
shells.Downloaded 12 Feb 2010 to 130.34.135.83. Redistribution subject tofective electron mass, f is the barrier height, E is the elec-
tron energy, EF is the Fermi level and \ is Planck’s constant.
Ec is the electrostatic energy required to create a positive–
negative charged pair in two clusters by tunneling, and gives
rise to the Coulomb blockade effect at a low temperature.
When the applied voltage and thermal energy are much
smaller than Ec , electrons or holes cannot tunnel from one
neutral cluster to another without exciting their states from
the Fermi level to the levels higher than Ec . When clusters
are monodispersed with a uniform intercluster distance
~namely the same barrier thickness!, Eq. ~1! predicts a simple
hopping type temperature dependence for the low-field con-
ductivity: s(T)}exp(2Ec/2kBT).14 As shown in Fig. 2~b!, a
linear dependence of log s vs 1/T is observed in the range of
7,T,80 K for the present CoO-coated Co cluster assem-
blies. This temperature dependence of s(T) is different from
the form of log s vs 1/T1/2 commonly observed in conven-
tional granular systems. The charging energy estimated from
the plot of log s vs 1/T is Ec56 meV, corresponding to the
thermal energy of kBT with T'70 K. This implies that when
T.70 K, normal activation type conduction is restored be-
cause the charging energy is overcome by the thermal en-
ergy. In addition, as seen from Fig. 2~b!, the conductivity
abruptly increases with increasing temperature above 80 K:
the estimated activation energy is 0.02 eV at T.150 K. This
behavior is ascribable to the small and/or large polaron band-
hopping conduction in the CoO semiconductor layer because
there are usually a large number of defects and excess carri-
ers in the transition metal oxides.
Figure 3 shows the temperature dependence of the MR
ratio @rH502r3T#/rH50 for the CoO-coated Co cluster as-
sembly prepared at RAr5500 sccm and RO251 sccm. The
FIG. 2. ~a! Temperature dependence of the electrical resistivity r at zero
magnetic field for the CoO-coated Co cluster assembly prepared at RAr
5500 sccm and RO251 sccm and log r vs T in the inset. ~b! The logarith-
mic conductivity log s as a function of T21. AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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MR at 4.2 K for this sample. The MR gradually decreases
with the increase in magnetic field up to H53 T and satu-
rates at H.3 T. This result is well correlated with the mag-
netization curve ~not shown here!. Because of the exchange
interaction between the antiferromagnetic CoO shell and the
ferromagnetic Co core, the magnetization curve of the CoO-
coated Co cluster assembly hardly saturates, in contrast to
the behavior of the pure Co cluster assembly. As seen in Fig.
3, the MR ratio increases slightly with deceasing temperature
in the range of 25,T,300 K, while below 25 K it increases
markedly with decreasing temperature, i.e., from 3.5% at 25
K to 20.5% at 4.2 K. Comparing Fig. 2~a! with Fig. 3, there
is a good correlation between the MR ratio and the resistivity
at low temperatures: both the resistivity and the MR ratio
increase drastically with decreasing temperature. Such re-
markable enhancement of the MR ratio at low temperatures
was also observed in micrometer-sized ferromagnetic tunnel
junctions,15 single-electron transistors consisting of ferro-
magnetic metals ~Ni/NiO/Co/NiO/Ni!16 and double ferro-
magnetic tunnel junctions with small ferromagnetic islands
(Co/Al2O 3 /Co).17 Moreover, it should be noted that, as
shown in Fig. 3, the MR ratio increases by a factor of 6 from
25 to 4.2 K in the present CoO-coated Co cluster assembly.
This increase is predicted by Takahashi and Maekawa18 and
is much larger than the reported ones for the ferromagnetic
junction with the Coulomb blockade effect16 and the FM-I
granular systems with broad distributions of size and inter-
granule distance.19 Thus, the enhanced MR effect is attrib-
uted to the monodispersiveness of the cluster size in the Co-
coated Co cluster assembly, which led to the more distinct
Coulomb blockade effect.
Figure 4 shows the bias voltage dependence of the resis-
tivity and the MR ratio at 4.2 K for the CoO-coated Co
cluster assembly prepared at RAr5500 sccm and RO250.44
sccm. As one can see in Fig. 4, the resistivity is huge. It
decreases more than 1 order of magnitude with increasing
bias voltage VB at VB,10 V. On the other hand, the MR
ratio decreases by a factor of 2 with the increase in bias
voltage below 40 V and is found to be insensitive to VB
above 40 V. The decrease of the MR ratio with VB is not as
marked as that observed in ferromagnetic tunnel junctions.5,6
FIG. 3. Temperature dependence of the MR ratio at H53 T for the CoO-
coated Co cluster assembly prepared at RAr5500 sccm and RO251 sccm.
The inset shows the field dependence of the MR ratio at 4.2 K.Downloaded 12 Feb 2010 to 130.34.135.83. Redistribution subject toSince the present MR measurement is on many junctions in
the series, such VB dependence of the MR ratio is attribut-
able to the following aspects: ~1! the fine structure in the spin
polarized density of states, which is related to the rapid de-
crease of the MR with VB in classical junctions, is blurred by
the Coulomb blockade effect; or/and ~2! the spin polarized
electrons are affected by spin flip scattering through multi-
step tunneling.
This work has been supported by Core Research for
Evolutional Science and Technology ~CREST! of Japan Sci-
ence and Technology Corporation ~JST!, and partly by a
Grant-in-Aid for Scientific Research A1 ~Grant No.
085 050 04!. The authors appreciate Dr. M. Sakurai for his
useful comment. They are also indebted to the support from
Laboratory for Development Research of Advanced Materi-
als of IMR.
1 J. S. Moodera and L. R. Kinder, J. Appl. Phys. 79, 4724 ~1996!.
2 M. Julliere, Phys. Lett. A 54A, 225 ~1975!.
3 S. Maekawa and Ga¨fvert, IEEE Trans. Magn. 18, 707 ~1982!.
4 J. C. Slonczewski, Phys. Rev. B 39, 6995 ~1989!.
5 J. S. Moodera, L. R. Kinder, T. M. Wong, and R. Meservey, Phys. Rev.
Lett. 74, 3273 ~1995!.
6 T. Miyazaki and N. Tezuka, J. Magn. Magn. Mater. 139, L231 ~1995!.
7 J. S. Helman and B. Abeles, Phys. Rev. Lett. 37, 1429 ~1976!.
8 H. Fujimori, S. Mitani, and S. Ohnuma, Mater. Sci. Eng., B 31, 219
~1995!.
9 P. Sheng, B. Abeles, and Y. Arie, Phys. Rev. Lett. 31, 44 ~1973!.
10 H. Fujimori, S. Mitani, S. Ohnuma, T. Ikeda, T. Shima, and T. Masumoto,
Mater. Sci. Eng., A 181/182, 897 ~1994!.
11 M. Roilos and P. Nagels, Solid State Commun. 2, 285 ~1964!.
12 S. Yamamuro, K. Sumiyama, M. Sakurai, and K. Suzuki, Supramol. Sci.
~in press!.
13 T. J. Konno, D. L. Peng, S. Yamamuro, and K. Sumiyama ~unpublished!.
14 C. A. Neugebauer and M. B. Webb, J. Appl. Phys. 33, 74 ~1962!.
15 K. Ono, H. Shimada, S. Kobayashi, and Y. Ootuka, J. Phys. Soc. Jpn. 65,
3449 ~1996!.
16 K. Ono, H. Shimada, and Y. Ootuka, J. Phys. Soc. Jpn. 66, 1261 ~1997!.
17 L. F. Schelp, A. Fert, F. Fettar, P. Holody, S. f. Lee, J. L. Maurice, F.
Petroff, and A. Vaures, Phys. Rev. B 56, R5747 ~1997!.
18 S. Takahashi and S. Maekawa, Phys. Rev. Lett. 80, 1758 ~1998!.
19 S. Mitani, H. Fujimori, and S. Ohnuma, J. Magn. Magn. Mater. 177–181,
919 ~1998!.
FIG. 4. Bias voltage dependence of the resistivity r and the MR ratio at 4.2
K for the CoO-coated Co cluster assembly prepared at RAr5500 sccm and
RO250.44 sccm. AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
